Glial cells ECM remodeling
Introduction
A common feature of all organs is their decisive shape and form, which, importantly, is not fixed but may change during development or in adaptation to external stimuli. However, although the molecular pathways regulating cell growth are starting to emerge we do know relatively little on how animals shape their organs (Yuan et al., 2013) .
In principle, shaping an organ may depend on internal forces delivered by cell divisions or morphogenetic movements. Additionally, it may require external input conveyed for example via the extracellular matrix (ECM). The term ''tensegrity'' had been suggested to explain tissue formation through mechanical interactions between cells and ECM (Ingber, 2003a,b) . It has been proposed that local variations in ECM formation or degradation modulate tissue morphogenesis by changing adhesive forces or by differential release of growth factors (DuFort et al., 2011; Ingber, 2006; Mammoto and Ingber, 2010; Brown, 2011; Tsang et al., 2009) .
Indeed, organs of multicellular animals are surrounded by a specialized ECM. This also holds true for the central nervous system, which in all species adopts a typical shape. The http://dx.doi.org/10.1016/j.mod.2014.05.003 0925-4773/Ó 2014 Elsevier Ireland Ltd. All rights reserved. nervous system is comprised by two cell types, glial cells and neurons. Glia is an extremely versatile cell type that provides numerous instructive and supportive cues during development and function of the nervous system. In particular, glial cells insulate neurons, actively modulate synaptic transmission and provide the outer barrier of the brain protecting it from external influences (Nave, 2010; Volterra and Meldolesi, 2005) . In invertebrates, the blood brain barrier is established entirely by glial cells that encircle the nervous system and form a tight barrier to the surrounding hemolymph. The so called surface glia directly abut a dense layer of extracellular matrix called neural lamella (Carlson et al., 2000; Stork et al., 2008) .
In Drosophila, central and peripheral nervous system (CNS and PNS) are both surrounded by surface glial cells. Its outermost layer is comprised by the perineurial glial cells. These cells appear relatively late in development and lack any obvious contact to neurons (Awasaki et al., 2008; Stork et al., 2008) . Their exact function is currently unknown. Basal to the perineurial glial cells are the subperineurial glial (SPG) cells. They establish pronounced septate junctions to form a paracellular diffusion barrier preventing leakage of small solutes into the nervous system (Baumgartner et al., 1996; Carlson et al., 2000; Stork et al., 2008) . The SPG are large polyploid cells that are born early in embryonic development and do not divide until adulthood (Awasaki et al., 2008; Stork et al., 2008; Unhavaithaya and Orr-Weaver, 2012) . Thus, the shape of these cells must adopt to the changing CNS shape as the animal grows.
The shape of the Drosophila nervous system is not constant during development (Evans et al., 2010; Olofsson and Page, 2005; Pandey et al., 2011) . During early embryonic stages, the organization of the nervous system reflects very much its segmental origin. Only during late embryogenesis, the ventral nerve cord gains its characteristic form in an elaborated condensation process, which requires a number of different cell types. Mutants specifically affecting the CNS midline block ventral nerve cord condensation similar as mutants affecting the development of lateral glial cells Halter et al., 1995; Thomas et al., 1988) . Furthermore, previous work established a non-cell autonomous function of the Drosophila hemocytes in regulating nervous system condensation (Evans et al., 2010; Olofsson and Page, 2005) . Hemocytes only transiently contact the nervous system and deposit ECM components which are then assembled into the neural lamella. This specialized ECM is absolutely pivotal for normal nervous system compaction and in its absence, nerve cord condensation fails (Martinek et al., 2008) . In summary, these reports suggest that glial cells connect to the neural lamella via ECM receptors such as integrins to exert the forces that will eventually shape the nervous system. Indeed, mutations in genes encoding integrin receptor subunits interfere with normal nervous system condensation at the end of embryogenesis (Brown, 1994) .
Shape changes of the nervous system are not confined to embryonic stages but also occur during larval development. While during embryonic stages, the ventral nerve cord (VNC) compacts considerably, it later extends correlating to a second phase of neurogenesis. Likewise, the brain lobes undergo prominent extension when the visual centers are generated at the end of larval life. This increase in cell number may provide internal forces. Alternatively or in addition, pulling forces that stretch the nervous system may be exerted by the peripheral nerves which connect the VNC to the epidermis (Pandey et al., 2011) . The interaction of glial cells with the neural lamella appears crucial for normal shaping of the nervous system. Here we have addressed a role of larval surface glial cells in providing and modulating the adhesive counter force established by the neural lamella. To test for these functions we first manipulated the ECM structure by expressing or removing matrix metalloproteases in glia. The use of specific Gal4 drivers allowed us to restrict these manipulations to subsets of glial cells. Moreover, we conducted a RNAi based screen, searching for genes required in glial cells for normal shaping of the VNC. We demonstrate a role of glia in ECM remodeling and unraveled two previously unknown genes required in glial cells to normally shape the nervous system.
Results

2.1.
Integrins are required in surface glia for shaping of the nervous system
The ventral nerve cord is surrounded by the surface glia, which comprises the perineurial and the subperineurial glia . Whereas the perineurial glia develops only during larval stages, the subperineurial glia is formed during late embryonic stages and remains in place until adulthood (von Hilchen et al., 2013) . The outer surface of the nervous system is covered by a dense extracellular matrix, the neural lamella ( Figs. 1 and 2 ). During development, the ventral nerve cord faces a series of forces causing it to condense during embryonic and extend during larval stages (Pandey et al., 2011) . Here we addressed whether the surface glial cells exert forces to mediate the shape changes and whether they use the neural lamella as a counter bearing.
Cell contact to the ECM is mediated by integrins (Bö kel and Brown, 2002) . The surface glial cells express different integrin receptors, which may provide the contact to the neural lamella (Hoang and Chiba, 1998; Xie and Auld, 2011) . Integrin receptors are acting as heterodimers, and we suppressed their function specifically in glial cells using the RNAi technology (Dietzl et al., 2007) . As a control we expressed dsRNA directed against Orco, a gene that encodes a universal subunit of the odorant receptor and that is not expressed during larval stages (FlyBase). In third instar larvae lacking the integrin alpha subunit inflated in all glial cells, we noted an extended ventral nerve cord phenotype ( Fig. 1A and B) . These phenotypes were only noted when we used a double repoGal4 driver strain. We assume that the level of transgene expression is crucial since we obtained even stronger phenotypes when experiments were performed at 29°C (data not shown). A weaker nerve cord elongation was noted following knockdown of myospheroid, which encodes an integrin beta subunit ( Fig. 1A and C) . To reduce possible preparation artifacts we quantified the increase of VNC length by determining the ratio of VNC and larval length of anesthetized animals (Fig. 1D ). In the elongated nervous systems we did not detect any change in cell number but noted alterations in cell shape of the subperineurial glial cells (Supplemental Fig. 1 ). These data suggest that glial cells attach to the neural lamella via integrins and this contact is required to keep the nerve cord in its compacted form.
2.2.
The ECM is required for shaping the central nervous system
To test whether the neural lamella is required for shaping the nervous system we expressed matrix metalloproteinases (MMP1 and MMP2), which are known to proteolytically cleave extracellular matrix proteins, specifically in glia (Miller et al., 2011; Page-McCaw et al., 2003) . This treatment should then result in a similar ventral nerve cord phenotype as noted with suppression of glial integrin function. Whereas MMP1 is a secreted enzyme, MMP2 is a membrane bound enzyme (Page-McCaw et al., 2003) . Panglial expression of both, MMP1 or MMP2, results in embryonic lethality. To nevertheless assess their roles during later nervous system development we utilized the TARGET system (McGuire et al., 2003) . Here, a temperature sensitive Gal80 protein allows to restrict the Gal4 mediated activation of MMP expression to later larval stages. When glial MMP1 expression is activated in larval stages, the animals die within 8 h at the restrictive temperature of 29°C. The induction of MMP2 expression at the onset of third instar stage caused shape changes in the ventral nerve cord and deformation of the brain lobes 40 h later ( Fig. 2A and B). When we induced expression of MMP2 from first instar stages onwards viability was not affected and a more dramatic nervous system phenotype developed ( Fig. 2C and D) .
Expression of MMP2 only in subperineurial glial cells using SPGGal4 or gliotactinGal4 also resulted in early lethality. However, expression of MMP2 but not MMP1 in just the perineurial glia causes the development of an elongated ventral nerve cord (Fig. 2E) . Interestingly, upon expression of MMP2 we noted no loss of the ECM but a rather wrinkled appearance ( Fig. 2F and G). A similarly wrinkled ECM was observed following glial expression of a dominant negative MMP2 construct in perineurial glia (Fig. 2H ). These data indicate that a correct balance of proteolytic activity is needed to guarantee the structural integrity of the ECM, which might serve as counter bearing during nerve cord morphogenesis.
2.3.
Remodeling of the neural lamella is required for shaping the central nervous system
To address whether mmp1 and mmp2 functions are required in glial cells for the development of the normal nervous system shape we utilized expression of dsRNA and dominant negative MMP variants. Panglial expression of a dominant negative MMP1 construct or the panglial knockdown of MMP1 function via RNAi did not cause any abnormal nervous system phenotypes (not shown). In contrast, however, panglial expression of mmp2 dsRNA as well as panglial expression of a dominant negative MMP2 construct resulted in embryonic or early larval lethality. Likewise we observed early larval lethality upon expression of MMP2 DN in the subperineurial glia (gliotactinGal4 or SPGGal4). When we expressed MMP2 DN only in perineurial glial cells using the Gal4 driver c527 we noted an elongated nerve cord phenotype ( Fig. 3A and B), whereas no abnormal CNS phenotype was noted when we expressed MMP2 DN in wrapping glial cells, which reside deep within the nervous system (data not shown). An alternative way to block MMP function is to express the Tissue Inhibitor of Metalloproteases (TIMP) (Bode et al., 1999; Page-McCaw et al., 2003) . Upon expression of TIMP in glia at 29°C we noted an elongated nerve cord phenotype as well (Fig. 3C , for quantification see Fig. 3E ). Likewise we noted an elongated nervous system phenotype upon expression of the Kuzbanian protease (Fig. 3D ). In conclusion, regulated proteolysis of ECM components is required for normal shaping of the nervous system. Quantification of ventral nerve cord (VNC) length in relation to larval length. Upon panglial suppression of inflated (median: 13.01; n = 25) or myospheroid (median: 12.27; n = 25) leads to a highly significant increase of the relative VNC length compared to the control (panglial suppression of Orco, median: 10.59; n = 20). Scale bar is 50 lm. A black square has been added to the bottom of (A).
2.4.
Glial cell specific RNAi screen reveals additional genes involved in shaping the ventral nerve cord
To further unravel the genetic circuitry underlying the establishment of the typical form of the central nervous system, we conducted a large scale RNAi based genetic screen searching for genes whose expression is required in glial cells (Schmidt et al., 2012) . About 10% of all genes tested (5000) caused a lethal phenotype during larval or pupal stages. For those genes we tested whether the knockdown caused any Expression of MMP2 only in the perineurial glial cells using c527Gal4 causes an elongated ventral nerve cord. UASlamGFP, which directs the expression of a nuclear GFP (laminGFP) is included to highlight the expression domain of c527Gal4. (F-H) To visualize the ECM we performed the experiments in a background of a GFP gene trap insertion into the viking gene encoding Drosophila Collagen IV. Viking-GFP Expression is so strong, that the LaminGFP signal cannot be seen anymore. Expression of a GFP-tagged collagen, vikingGFP in wild type larvae. (F and I) Expression of a GFP-tagged collagen, vikingGFP in wild type larvae. (G and J) Expression of vikingGFP in larvae expressing MMP2 in the perineurial glia using c527Gal4. Note the folded appearance of the neural lamella. (H and K) Expression of a dominant negative MMP2 construct only in the perineurial glia causes an elongated ventral nerve cord phenotype and a ruffled appearance of the neural lamella. Note the decrease of VikingGFP expression around the enlarged brain lobes. Scale bar is 50 lm for A-H, 20 lm for I-K. A black square has been added to the bottom of (A).
alterations in the shape of the nervous system in third instar larvae. Silencing of the gene CG31619 caused a significant expansion of the nervous system length ( Fig. 4A-C) . As already noted for the suppression of integrin function (Fig. 1) , we did not detect changes in cell number (based on the analysis of Eve, Prospero, Engrailed and Repo expression, data not shown). CG31619 encodes a large protein related to the ADAMTS-like family of proteases with highest homology to ADAMTSL1 and ADAMTSL3 (BLAST search E-value: e-58; Fig. 4F and G). Several members of this protein family have been implicated in the regulation of the proteolytic cleavage of ECM proteins (Drechsler et al., 2013) . To more thoroughly analyze CG31619 function we generated a null allele by FRT/Flp mediated recombination (Thibault et al., 2004; Ryder et al., 2004) (Fig. 4F) . This recombination event removes exons 4-12 and a large part of the open reading frame and thus generates a null allele (noloD
4-12
). Homozygous CG31619 mutant animals are homozygous viable but are flightless and extend their wings abnormally. Maternally and zygotic mutant animals are also viable but survival rates are reduced. Whereas 82% of wild type embryos developed into larvae, 65% of the homozygous nolo embryos develop into larvae (n > 400 each genotype). In both genotypes about 85% of the larvae develop into pupae. In wild type 96% of the pupae give rise to adults whereas in homozygous nolo animals only 46% of the animals eclose from the pupal cages. Importantly, the length of the ventral nerve cord is not extended, neither in zygotic mutants nor in maternal/zygotic mutant animals and thus we termed the gene no long nerve cord (nolo) (Fig. 4D and E) . This finding indicates that the initially observed phenotype is due to off-target effects.
2.5.
The RNAi construct directed against nolo also affects the off-target gene OatpB30B
Off target effects are a common experimental difficulty encountered in RNA interference based genetic approaches expression of Kuzbanian results in a significant increase of the relative VNC length compared to the control at 25°C (p < 0.0001) and 29°C (p < 0.0001). Likewise, panglial expression of TIMP causes a highly significant increase in relative VNC length at 29°C (p < 0.0001). Scale bar is 50 lm. (Dietzl et al., 2007) . Indeed, the RNAi construct (GD33102, VDRC) targeting the nolo gene is predicted to effect one off target gene, the gene CG3811. This locus encodes a transmembrane protein with homology to the organic anion transporting peptide and is named Oatp30B (Fig. 5A and D) . Oatp30B encodes a large protein with 11 transmembrane domains and an extracellular Kazal domain. Since Kazal-domains are found in a wide range of proteinase inhibitors of vertebrates and invertebrates (Rimphanitchayakit and Tassanakajon, 2010) , we anticipated that this gene might possibly be involved in the regulation of ECM formation.
Fortuitously, we had isolated a P-element insertion line (repoGal4
F3
) where a repoGal4 construct was inserted into the Oatp30B gene (Fig. 5A) . The deficiency Df(2L)Excel6022 removes 113 kb including the entire Oapt30B locus. A slightly elongated ventral nervous system phenotype was detected in repoGal4 F3 /Df(2L)Excel6022 larvae (Fig. 5B,C) indicating that Oatp30B is required for shaping the nervous system. In order to directly test this assumption, we generated Oatp30B mutants. Using FRT mediated recombination we generated a null allele by deleting exons 2-14 (Fig. 5A) . This removes the predicted Oatp30B start codon and only leaves a small portion of the open reading frame in the last exon. No functional Oatp30B protein can be translated and thus we assume that Oatp30BD 2-14 represents a null allele. In addition, this deficiency removes CG31883, which is entirely located in the second intron of the Oatp30B gene. CG31883 encodes a small evolutionary not well-conserved protein that is expressed only in the adult male accessory glands (Flybase). Homozygous Oatp30B mutants are viable and eclose at almost normal rates (92% of the expected numbers; n > 300). Both, males and females are fertile. The larval nervous system develops normally.
Genetic interaction of nolo and Oatp30B
In a next step we tested for possible genetic interactions of nolo and Oatp30B. We therefore made a recombinant chromosome carrying the two null alleles generated in this study. Double homozygous mutant flies eclose at dramatically reduced rates. Only 14% of nolo Oatp30B double mutant pupae eclose. Moreover, in contrast to the single mutants, nolo Oatp30B double mutant flies are female sterile. Zygotic double mutant larvae have a normally shaped ventral nerve cord, which may be due to maternal contribution of Oatp30B. The female sterility of noloD 4-12 Oatp30BD 2-14 mutant females precluded further analysis. However, these phenotypes indicated a genetic interaction of the two genes. Similarly, we noted genetic interaction of the two mutants when we assayed the larval locomotion behavior. Larvae lacking nolo show an abnormal migratory behavior and crawl slower than wild type (Fig. 6A ). In addition, mutant adult flies do not behave properly in the so-called RING assay (Gargano et al., 2005) . Here, groups of 10 flies are subjected to a standardized mechanical force. Wild type flies recover fast and walk up the tube within seconds. nolo mutant flies recover very slow and show an impaired negative geotaxis behavior (Fig. 6B) . Importantly, however, normal behavior in the RING assay is restored upon panglial re-expression of nolo using the repoGal4 driver (Fig. 6B) . Interestingly, we noted a much weaker rescue following ubiquitous overexpression using daGal4, possibly suggesting that this driver is not efficiently active in glial cells. These data suggest that nolo is indeed required in glial cells. Likewise, mutant Oatp30B larvae moved slower (Fig. 6C ). Animals lacking both nolo and Oatp30B also showed reduced migratory abilities and can be easily discriminated from wild type larvae in MDS plots (Fig. 6D) . In contrast to nolo mutants, Oatp30B mutant larvae showed a normal head sweeping behavior. However, when we assayed nolo Oatp30B double mutant larvae we found a dramatic reduction in the extent of head sweeps (Fig. 6E) , again demonstrating the genetic interaction of the two genes.
Discussion
Shaping of organs is of obvious importance during development. This is also true for the central nervous system of Drosophila. During early embryonic development every segmental unit generates a number of neural stem cells that will divide to give rise to the final central nervous system. In the last third of embryogenesis, this early segmental organization of ganglia is then transformed to the condensed shape of the ventral nerve cord (Hartenstein et al., 2008; Hartenstein and Wodarz, 2013; Olofsson and Page, 2005) . This early compaction is due to a complex interplay of the extracellular matrix, apoptosis and the CNS midline cells. During larval stages, the nervous system grows. The visual centers form and in particular the thoracic neuromers undergo an extensive proliferation phase, which results in complex shape changes until metamorphosis. Interestingly, both compaction and growth of the nervous system is mirrored by a changing ECM. This already suggests that the outer cells of the nervous system, the perineurial and subperineurial glial cells, are closely interacting with the neural lamella. ECM-cell interaction is brought about by integrin receptors and upon loss of integrin function in the outer glial cell layers double mutant larvae (brown). (B) In the RING assay nolo D4-12 mutant flies have a highly significant slower walking speed (3.4 mm/s) than wild type flies (9.0 mm/s, p < 0.0001). Expression of nolo in all tissues using daGal4 or only in glial cells using repoGal4 partially rescues the mutant phenotype (daGal4; 5.2 mm/s; repoGal4; 8.7 mm/s). (E) While mutant Oatp30B D2-14 larvae have a head bending rate like wild type, reduced frequency of head bending can be observed for nolo D4-12 mutant larvae.
nolo D4-12 Oatp30B D2-14 double mutant larvae show an even more severe reduction in head bending.
shaping of the VNC is defective (Xie and Auld, 2011) . This indicates that the ECM provides a thrust bearing function, which is further supported by the VNC shape defects induced by expression of matrix metalloproteases (MMPs). Similar phenotypes were found upon block of ECM proteolysis by TIMP expression. Since we did not determine changes in the number of subsets of neurons, we suggest that shape changes are not brought about by increased proliferation or abnormal apoptosis patterns. Thus, we propose that matrix remodeling is crucial for normal shaping of the nervous system. Previously, it was shown that VNC condensation requires hemocytes, which synthesize ECM components and cover the entire nervous system at the end of embryogenesis Mirre et al., 1988; Olofsson and Page, 2005; Tepass et al., 1994) . Loss of hemocytes or loss of ECM components such as Collagen IV or Laminins also disrupts VNC morphogenesis (Martinek et al., 2008; Olofsson and Page, 2005; Urbano et al., 2009) . Similarly, loss of expression of the GlcAT-P glucuronyl transferase Brave, which is required for proper ECM formation, causes an elongated larval ventral nerve cord phenotype (Pandey et al., 2011) .
It has been previously noted, that alterations in glial development caused an elongated nerve cord phenotype. Expression of activated Notch in all glial cells result in an elongated VNC without affecting the general neuronal cell number (Kato et al., 2011) . This phenotype became worse upon co-expression of cyclinE (Kato et al., 2011) . Since it is known that dividing cells round up and thus reduce their contacts with the underlying matrix, it is likely that proliferating glial cells are not able to contact the overlying ECM as closely as mitotically quiescent cells. To further unravel the genetic circuitry underlying the normal shaping of the nervous system we performed an RNAi based, glial cell type specific screen and identified nolo as a possible effector of the nerve cord shaping processes. The deduced Nolo protein is homologous to the catalytically inactive human ADAMTSL (A Disintegrin And Metalloproteinase with ThromboSpondin motif-Like) (Porter et al., 2005; Tsutsui et al., 2010) . So far only mutations in ADAMTSL-2 and ADAMTSL-4 have been described; ADAMTSL-2 mutations have been found in patients of geleophysic dysplasia (Le Goff et al., 2008; Tsutsui et al., 2010) . Mutations in ADAMTSL-4 have been associated with ectopia lentis (Ahram et al., 2009; Tsutsui et al., 2010) . Recently, it was shown that mutations in the Drosophila ADAMTSL-6 homolog lonely heart disrupt the cardiac ECM (Drechsler et al., 2013) .
Nolo is mostly related to ADAMTSL-3, which has been suggested to play a role in cell-matrix interactions and the ECM assembly via interaction with metalloproteases (Apte, 2009; Hall et al., 2003; Le Goff et al., 2008) . Thus, Drosophila Nolo might also modulate the function of metalloproteases. However, although a specific nervous system defect is induced following RNAi based suppression of nolo function, no such phenotypes are detected in the nolo loss of function mutants. However, homozygous noloD 4-12 animals show behavioral defects as larvae and as adults. The adult behavior defect can be rescued by a panglial expression of a C-terminal GFP tagged full-length nolo construct. Thus, Nolo appears required in glial cells, but the VNC phenotype observed following RNAi based nolo knockdown in glial cell is not seen in the mutant.
RNAi based approaches are often accompanied by offtarget effects (Dietzl et al., 2007) . The predicted off-target for the UASnolo dsRNA (GD) construct is Oatp30B. The Oatp family comprises organic anion transporter proteins with a unique combination of tissue distribution and substrate specificity (Yosef and Ubogu, 2013; Nakanishi and Tamai, 2012) . The Drosophila genome comprises eight Oatp-like proteins which are named according to their chromosomal location (FlyBase). Four of these proteins carry a KAZAL type serine protease inhibitor domain. Proteins containing such a domain, like RECK (reversion-inducing-cysteine-rich protein with KAZAL motifs), are known to negatively regulate metalloprotease function (Knorr et al., 2009; Muraguchi et al., 2007; Takahashi et al., 1998) . Drosophila Oatp30B and the recently described Oatp58Dc protein both carry a KAZAL domain. For Oatp58Dc a function as solute transporter has been reported in the adult blood-brain barrier (Seabrooke and O'Donnell, 2013) . Possibly, Oatp58Dc as well as Oatp30B function may be twofold. On the one hand these transporters may ensure solute transport and on the other hand they may influence ECM remodeling activity via the KAZAL type serine protease inhibitor domain.
Genetic arguments support the notion that Oatp30B is indeed a relevant off target of the nolo dsRNA construct used in the RNAi experiments. Homozygous noloD 4-12 but not homozygous Oatp30BD 2-14 larvae showed a decreased head sweeping rate. Interestingly, double mutants showed a further dramatic decrease in head sweeping probability, supporting a genetic interaction between nolo and Oatp30B. A similar phenotypic interaction was noted for the hatching and survival rate of double mutant animals as compared to the single mutants. Unfortunately, nolo Oatp30B double mutant flies are female sterile preventing further phenotypic analysis. Interestingly, nolo and Oatp30B, which encode cell surface proteins predicted to modulate protease functions, genetically interact, highlighting the intricate regulation of size control of the nervous system.
Materials and methods
Drosophila genetics
The following fly stocks were used: c527Gal4 (Hummel et al., 2002) , daGal4 (Wodarz et al., 1995) , gliotactinGal4 (Sepp and Auld, 1999) ), repo4.3Gal4 (Lee and Jones, 2005) , repo4.3Gal4 F3 (I. Schmidt, unpublished) , gliotactinGal4 (Sepp and Auld, 1999) , SPGGal4 (Stork et al., 2008 ), tubGal80ts (McGuire et al., 2003 , UASKuz (S. Gö gel, unpublished); UASMMP1f2, UASMMP2, UASMMP2E258A, UASTIMP (Miller et al., 2008) (Exelixis Collection at Harvard); vikingGFP (Morin et al., 2001) . A UAS-CG31619-EGFP transgene was generated using / 31 mediated germline transformation with vas-duzh2A; zh-86FbRFP À flies (Bischof et al., 2007) . The generation of FRT mediated deletion mutants was performed as published (Parks et al., 2004) .
Immunostaining and imaging
Larval brains were fixed and stained following standard protocols. Larvae were placed in ice cold PBS to reduce body movements. The anterior part of the larvae was removed by pulling using sharp forceps. Subsequently the fat body and the gut were removed. The remaining tissue was fixed in 4% formaldehyde for 20 min on room temperature. Subsequent to three 20 min washes with PBS 0.3% TritonX100 (PBT), the tissue was incubated for one hour with PBT, 10% goat serum. The following specific antibodies were used and generally incubated over night at 4°C: mouse anti-Repo (8D12) 1:5 (Developmental Studies Hybridoma Bank, Iowa City, IA), mouse and rabbit anti-GFP 1:750 (Molecular probes), goat anti-HRP (DyLightTM649 conjugated AffiniPure HRP) 1:500 (Dianova), rabbit anti-Neurexin IV 1:1000 (Stork et al., 2008) . To detect the primary antibodies we used goat anti-mouse and anti-rabbit Alexa488, 568 or 647 1:1000 (Molecular Probes). Tissues were dissected after immunostaining. A Zeiss LSM 510 was used to collect confocal images, which were processed using the ZEN 2008 software (Carl Zeiss AG).
4.3.
Relative VNC length determination
Images of whole mount larvae expressing CD8GFP in all glial cells were taken using a Zeiss Axiophot microscope (Carl Zeiss AG). The length of the VNCs and the entire larvae were measured with AxioVision Rel.4.8.2 software. All statistical evaluations were performed with Prism 6 Software (GraphPad).
Behavioral assays
Larval locomotion assays and multidimensional scaling (MDS) plots were performed as described (Risse et al., 2013; Schmidt et al., 2012) . To perform the Rapid iterative negative geotaxis (RING) assay flies were kept at 25°C for one week. 2 days prior to the motor performance assay, flies were aliquoted under CO 2 anesthesia into groups of 10 individuals. On the day of the motor performance assay flies were transferred into the test tubes without anesthesia and assayed within 10 min after transfer under daylight conditions. Fly vials were loaded in the test rack. This rack was driven down by gravity after a release by a manual trigger to bring all flies down to the bottom of the vial. The recovery was videotaped for 1 min and the entire procedure was repeated 4 more times in quick succession. Images were acquired in the default video format on a standard Nikon D3100 DSLR camera. The movies were converted into 8 bit greyscale TIF image sequences with 10 frames per second. These TIFs were used to track the flies with the MTrack3 plug-in.
Statistical analyses
To determine the significance of the VNC length phenotype a One Way Anova test was performed using the Prism 6 Software (GraphPad). Sample sizes are 100 for wild type and nolo mutants, and for the rescue experiments 20 animals each. The statistical evaluation of the RING assay data was performed using a Bonferroni's multiple comparisons test (Prism 6 Software, GraphPad).
